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Summary
In this investigation, the production of ethanol from the raw sugar beet juice and raw
sugar beet cossettes has been studied. For ethanol production from the raw sugar beet
juice, batch and fed-batch cultivation techniques in the stirred tank bioreactor were used,
while batch ethanol production from the raw sugar beet cossettes was carried out in hori-
zontal rotating tubular bioreactor (HRTB). In both cases, Saccharomyces cerevisiae was used
as a production microorganism. During batch ethanol production from the raw sugar beet
juice, ethanol yield was 59.89 g/L and production efficiency 78.8 %, and in fed-batch pro-
cess the yield was 92.78 g/L and efficiency 93.4 %. At the same time, ethanol production
in HRTB from the raw sugar beet cossettes with inoculum of 16.7 % V/m (raw sugar beet
cossettes) resulted in the highest ethanol yield of 54.53 g/L and production efficiency of
79.5 %. The obtained results clearly show that both intermediates of sugar beet processing
can be successfully used for ethanol production.
Key words: ethanol, fermentation, raw sugar beet juice, raw sugar beet cossettes, stirred
tank bioreactor, horizontal rotating tubular reactor (HRTB)
Introduction
Ethanol is one of the most important biofuels that
significantly contribute to the reduction of negative en-
vironmental impacts generated by the use of fossil fuels.
At the moment, the production costs of biofuels are higher
than production costs of gasoline from fossil oil. There-
fore, such productions are supported (legislatively or
financially) by the governments acting in the direction
of replacing fossil fuels by biofuels (e.g. USA, Brazil, EU
countries) (1–5). The development of cost-effective tech-
nologies for the production of biofuels is a priority for
many research institutions. One of the most promising
approaches for the design of cost-effective process con-
figurations is process integration of all operations in-
volved in the ethanol production, which can be achieved
through the development of integrated bioprocesses that
combine different steps into one single unit. Thus, the
integration of reaction and separation steps by removing
ethanol from the zone where the biochemical reaction
takes place offers several opportunities to increase pro-
duct yield and consequently to reduce product costs. Pro-
cess integration is gaining more and more interest due
to the advantages related to its use in ethanol produc-
tion: reduction of energy costs, decrease in the size and
number of process units, intensification of the biological
and downstream processes (5–12).
In the tropical climate, sugar cane is the main source
for ethanol production (e.g. Brazil) and corn is the domi-
nant raw material in the USA. In the European mode-
rate climate the most convenient renewable raw materials
for ethanol production are grains and sugar beet (13–
15). Due to the surplus of sugar production in the Euro-
pean Union (EU), there is a possibility to redirect the
sugar production from sugar beet towards ethanol. In
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terms of the design of ethanol production processes from
sucrose-containing materials, the availability and trans-
port costs of the feedstock continue to play a crucial role
when new cost-effective production facilities are planned
despite the relative maturity of the involved conversion
technologies (5,8,11). According to the available techni-
cal equipment and current 'state of the art' technology
for the fermentative production of ethanol, it is possible
to use some intermediate products from sugar produc-
tion (e.g. raw sugar juice with 14–18 % sugar or concen-
trated sugar syrup with 65–67 % sugar) as well as by-
-products (e.g. molasses containing approx. 50 % sugar).
Traditional production of raw sugar juice is characteri-
zed by water extraction from sugar beet cossettes. The
obtained raw sugar juice can be used either directly for
ethanol and sugar production, or it can be concentrated
in an evaporator and stored for several months. Raw su-
gar beet juice and/or concentrate can be used both for
sugar production by crystallization and for fermentative
ethanol production. For sugar production, raw juice needs
to be purified by pulp separation and microfiltration to
remove bigger particles, high molecule colourants, pro-
teins and microorganisms. Purified juice (permeate) can
be subjected to evaporation and crystallization to obtain
sugar. Retentate from microfiltration (all nitrogen com-
ponents, beet tissue and other impurities) can be mixed
with raw sugar beet juice and used for fermentative eth-
anol production (16,17).
The aim of this work is to evaluate the ethanol pro-
duction from different intermediates of sugar beet pro-
cessing such as raw sugar beet cossettes and juice in order
to improve the efficiency of this bioprocess. For ethanol
production from raw sugar beet juice, batch and fed-batch
cultivation techniques were used during fermentation in
stirred tank bioreactor. The newly designed type of hori-
zontal rotating tubular bioreactor (HRTB) was used for
ethanol production from raw sugar beet cossettes (semi-
-solid-state fermentation).
Materials and Methods
Microorganism, media and inoculum preparation
In this research, yeast Saccharomyces cerevisiae was
used as production microorganism. It was maintained
on malt extract agar, which was also used for CFU de-
termination. Raw sugar beet juice and raw sugar beet
cossettes (containing approx. 14–16 % of sucrose) were
used as media for fermentative ethanol production. For
inoculum preparation, raw sugar beet juice was used with
the addition of 1 g/L of NH4H2PO4 as a source of nitro-
gen and phosphorus. Media were sterilized at 121 °C for
20 min prior to yeast inoculation. The required amount
of yeast suspension for ethanol production in bioreac-
tors (strirred tank bioreactor and HRTB) was obtained
by yeast cultivation on rotary shaker at 100 rpm and 28
°C for 72 h.
Ethanol production from raw sugar beet juice in
stirred tank bioreactor
Ethanol production from raw sugar beet juice in
stirred tank bioreactor (STB) at 28 °C was studied. The
bioreactor was inoculated with 10 % (by volume) yeast
suspension previously grown on rotary shaker. The work-
ing volume of STB was 5 L and the bioreactor was ster-
ilized together with the medium (raw sugar beet juice
with 1 g/L of NH4H2PO4) at 121 °C for 20 min prior to
inoculation. Batch and fed-batch cultivation techniques
were used for ethanol production from raw sugar beet
juice. During batch process, pH value was maintained in
the range from 4.5 to 5.0 by the addition of 0.1 M NaOH
and 0.1 M H2SO4. Aeration was conducted for the first
12 h of fermentation and pO2 level was maintained at
approx. 30 % of air saturation by the alteration of stirrer
speed and air flow rate. Batch phase of the fed-batch pro-
cess was done in the same way. The feeding in the fed-
-batch process started when carbon source was almost
completely depleted. It was performed by the addition
of a few portions of concentrated sugar beet juice (which
contained approx. 800 g/L of sugar) depending on the
rate of substrate depletion. In this experiment, feeding
was done five times by the addition of 200 mL of con-
centrated sugar beet juice. Fed-batch cultivation was con-
ducted until the constant ethanol concentration was
reached.
Ethanol production from raw sugar beet cossettes in
horizontal rotating tubular bioreactor
In this investigation, ethanol production from raw
sugar beet cossettes in a new type of HRTB was also
examined. HRTB is constructed as a 0.60 m long stain-
less steel tube with an inside diameter of 0.25 m. The
interior of the HRTB contains two paddles (0.04 m height
and 0.6 m length) fixed on the bioreactor wall in order
to improve mixing and homogenization of the bioreac-
tor content. The bioreactor was placed on the bearings
that enable rotation of the whole bioreactor. Ethanol pro-
duction in HRTB was done at room temperature after
bioreactor sterilization at 121 °C for 30 min. Batch culti-
vation technique was used for ethanol production. Fer-
mentation of 5 kg of nonsterile raw sugar beet cossettes
(23 % dry matter) started by the addition of different
quantities of inoculum (9.1–23.7 % V/m of raw sugar
beet cossettes) in order to define the broth minimal li-
quid content. During this research, HRTB was periodi-
cally rotated due to the bioreactor content homogeniza-
tion. The process of ethanol fermentation was monitored
by sampling the liquid and the solid part (beet cossettes)
of the broth. After that, the cossettes were pressed to ob-
tain liquid samples for analytical purposes.
Analytical methods and bioprocess efficiency
parameters
Yeast growth was monitored in the liquid phase of
the samples by centrifuging and drying at 105 °C for 48
h. Yeast growth during ethanol production in STB was
also monitored by measuring the absorbance at 600 nm.
The CFU number was determined by standard micro-
biological methods (Petri dishes were incubated at 28 °C
for 48 h). During fermentation in HTRB, dry mass of su-
gar beet cossettes was determined gravimetrically. Li-
quid samples from both fermentations were centrifuged
for 15 min at 4500 rpm. Supernatants were used for sub-
strate (sucrose, glucose and fructose), product (ethanol)
and by-product (glycerol, acetate and lactate) determina-
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tion by HPLC with SupelcogelTM C-610H column (Shi-
madzu CLASS-VP LC-10AVP, Shimadzu, Kyoto, Japan).
All fermentation experiments were conducted in dupli-
cate and all samples were analysed in triplicate. Biopro-
cess efficiency parameters were determined by standard
procedures. Ethanol conversion coefficient (YP/S) was cal-
culated by the following equation:
YP/S=
P P
S S
m
m
−
−
=
0
0
∆
∆
P,T
S,T
/1/
where P and P0 are ethanol concentration at the end and
the beginning of fermentation, respectively and S0 and S
are substrate concentration at the beginning and the end
of process, respectively. Furthermore, DmP,T is the total
mass of the product obtained in the bioreactor, and
DmS,T is the total mass of consumed substrate in the
bioreactor.
Bioprocess efficiency (E) was estimated as a ratio be-
tween experimental (YP/S) and theoretical conversion co-
efficient (YP/S)T:
E=
Y
Y
P/S
P/S T( )
/2/
where (YP/S)T=0.538 g/g is theoretical conversion coeffi-
cient of sucrose into ethanol.
Bioprocess productivity (Pr) was determined by the
following equation:
Pr=
P P
t
m
Vt
−
=
0 ∆ P,T /3/
where t is cultivation time and V is working volume of
the bioreactor.
Results and Discussion
In this research, ethanol production from different
intermediates of sugar beet processing (cossettes and juice)
was studied. For ethanol production from raw sugar
beet juice, batch and fed-batch cultivation techniques
were used in STB. The newly designed type of horizon-
tal rotating tubular bioreactor (HRTB) was used for etha-
nol production during semi-solid-state fermentation on
raw sugar beet cossettes.
Ethanol production from raw sugar beet juice in
stirred tank bioreactor
A preliminary study was performed in order to de-
fine the suitability of raw sugar beet juice as a medium
for ethanol production. These preliminary results (data
not shown) indicated that it is necessary to correct the
content of raw sugar beet juice in order to achieve ade-
quate yeast growth. For that purpose, NH4H2PO4 was
added as a source of nitrogen and phosphorus. From
shake flask research (data not shown), it was concluded
that the addition of 1 g/L of NH4H2PO4 to raw sugar
beet juice is sufficient for considerable increase of yeast
growth and ethanol production. It was also observed that
12-hour aeration at the beginning of fermentation consid-
erably increased yeast growth and accelerated ethanol
production.
Batch process of ethanol production from raw sugar
beet juice with 1 g/L of NH4H2PO4 is presented in Figs.
1 and 2. After sterilization and cooling at the working
temperature of 28 °C, bioreactor was inoculated with 10
% (by volume) yeast suspension previously grown on
rotary shaker. As it can be seen in Fig. 1, sugar was com-
pletely consumed after 78 h whereby ethanol, as the main
fermentation product, and glycerol, as the main by-pro-
duct, were obtained. At the end of the fermentation, to-
tal ethanol concentration was 63.12 g/L and glycerol
concentration 9.7 g/L. However, the net production of
ethanol in this fermenation was 59.89 g/L due to the fact
that 3.16 g/L of ethanol was introduced by inoculation.
In this batch process, yeast growth was observed only in
the first 12 h of fermentation as a consequence of the
avialability of oxygen, nitrogen and phosphorus sources
in the broth (Fig. 2). After that period, biomass concen-
tration (X) and yeast cell number (log N) were at approx-
imately constant level due to the fact that yeast started
to produce ethanol under anaerobic conditions. As it can
be seen in Fig. 2, changes of absorbance (A) were in
agreement with the changes of biomass concentration
(X) and viable cell number (log N). Therefore, the broth
absorbance can be used as an indicator of biomass growth.
Changes of pH value during the fermentation are in
agreement with the rate of substrate consumption. The
productivity of batch process was 0.608 g/(L·h).
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Fig. 1. Alteration of substrate (S, ), ethanol (P1, ) and glycerol
(P2, D) concentration during batch fermentation of raw sugar
beet juice in stirred tank bioreactor
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Fig 2. Alteration of dry biomass (X, ), viable cell number (log
N, ), broth absorbance (A600 nm, D) and pH () during batch
fermentation of raw sugar beet juice in stirred tank bioreactor
A fed-batch process was also investigated in order
to increase the efficiency of ethanol production. Initial
substrate concentration in the medium was reduced to
75 g/L to avoid substrate inhibition effect at the beginn-
ing of fermentation. During fed-batch process, feeding
was performed by the addition of a few portions of con-
centrated raw sugar beet juice (containing approx. 800
g/L of sugar). Dynamics of feeding process was con-
trolled depending on the substrate consumption rate and
the new feed portion was added to the bioreactor when
substrate concentration dropped below 10 g/L. Batch
phase was carried out under the same conditions as de-
scribed in the previous experiment. As it can be seen in
Fig. 3, permanent increase of ethanol concentration was
observed during feeding, which is an indicator that feed-
ing dynamics is in agreement with ethanol production
by yeast cells. At the end of this process, ethanol con-
centration was 97.99 g/L, which is in agreement with
literature (16,17). At the same time, constant increase of
glycerol concentration was also detected during feeding,
which can be explained as a consequence of substrate
availability under these conditions. Glycerol concentra-
tion at the end of fed-batch process was 9.84 g/L, which
is in agreement with previous results. Again, as observed
in the batch process, absorbance was a good indicator of
yeast growth. In fed-batch process, higher ethanol pro-
duction efficiency (E=93.4 %), but lower productivity (Pr=
0.503 g/(L·h)) were detected compared to the batch pro-
cess.
Ethanol production from raw sugar beet cossettes
in HRTB
During this research, ethanol fermentation was mon-
itored by sampling both liquid and solid part (beet
cossettes) of the broth. After the fermentation, the cos-
settes were pressed to obtain liquid samples for analysis.
The main goal of this investigation was to define the
minimal liquid content of the broth that is required for
ethanol fermentation with yeast S. cerevisiae. Therefore,
ethanol fermentation in HTRB was performed with dif-
ferent initial volumes of inoculum (9.1–23.7 % V/m of
raw sugar beet cossettes) at room temperature ((20±2)
°C). On the basis of preliminary fermentations (data not
shown), it was proven that raw sugar beet cossettes
have sufficient amount of nitrogen and phosphorous
sources for yeast growth so it was not essential to add
inorganic salt to the broth. During these fermentations,
HRTB was periodically rotated in order to homogenize
the bioreactor content. At the beginning of all experi-
ments in HRTB, dry matter content of raw sugar beet
cossettes was 23 % and at the end of experiments it was
12 %. Sugar concentration in the juice squeezed from
raw sugar beet cossettes was approx. 110 g/L. In all
experiments, it was observed that sugar concentration in
the liquid part was lower than in the solid part of the
broth due to the fact that certain time (approx. 20 h) is
required for sugar diffusion from the cossettes into the
liquid. Furthermore, at the start of all HRTB experi-
ments ethanol concentration was approx. 15 g/L as a
consequence of ethanol addition with the inoculum. Ini-
tial yeast cell number in the liquid part of the broth was
approx. 108 CFU/mL. It was noticed that sampling pro-
cedure could be a reason for errors in the fermentation
monitoring due to the heterogeneity of the solid part of
the broth. In order to obtain an accurate view of ethanol
fermentation under these conditions, it was necessary to
take samples from the liquid as well as from the solid
part of the fermentation broth. As an example of ethanol
fermentation from raw sugar beet cossettes in HRTB, fer-
mentation with the inoculum of 16.7 % V/m (raw sugar
beet cossettes) was selected. Results of this fermentation
are presented in Figs. 4–6. As it can be seen in Figs. 4
and 5, the substrate was almost completely depleted
after 50 h, in both liquid and solid part of the ferment-
ation broth. This phenomenon is similar to the sugar
beet juice fermentation in stirred tank bioreactor and it
can be explained by the fact that liquid content in the
broth during fermentation with inoculum of 16.7 % V/m
(raw sugar beet cossettes) is sufficient for successful eth-
anol fermentation in HRTB. Due to the substrate con-
sumption from the fermentation broth, dry matter of the
cossettes was reduced for the quantity of consumed sugar.
Ethanol and by-products (glycerol and acetate) were
synthesized as a consequence of substrate consumption.
At the end of fermentation, ethanol concentration in the
solid part (beet cossettes) was 67.89 g/L (Fig. 4) and in
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Fig. 3. Alteration of substrate (S, ), ethanol (P1, ), glycerol
(P2, ) and biomass (X, ) concentration, pH () and broth ab-
sorbance (A600 nm, D) during fed-batch fermentation of raw su-
gar beet juice in stirred tank bioreactor. Arrows represent the
addition of concentrated fresh medium during the fed-batch
process
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Fig. 4. Alteration of substrate (S, ), ethanol (P1, ), glycerol
(P2, D) and acetate (P3, ) concentration and dry mass of sugar
beet cossettes (DM, ) during fermentation in HRTB with the
inoculum of 16.7 % (V/m)
the liquid part of the broth was 62.9 g/L (Fig. 5). On the
basis of these results, it is clear that raw sugar beet
cossettes can be used directly for ethanol fermentation,
but more detectable by-products (e.g. glycerol, acetate
and lactate) were produced compared to the ferment-
ation on raw sugar beet juice. This can be explained by
the presence of other microorganisms on nonsterile raw
sugar beet cossettes. At the end of this experiment, the
by-product (glycerol and acetate) concentrations were in
the range from 6.1 to 11.5 g/L. As it can be seen in Fig.
6, pH value was reduced in the liquid part of the me-
dium as a consequence of substrate consumption and by-
-product synthesis (e.g. acetate and lactate). The expect-
ed slight increase of dry biomass and cell number were
observed due to the biomass growth. Some oscillations
in the dry biomass were detected as a consequence of
experimental errors and system heterogeneity. Tempera-
ture was kept at approximately constant level during the
whole experiment, which indicates that the fermentation
process was carried out at approximately constant rate
(Fig. 6). In all other experiments of ethanol production
from raw sugar beet cossettes in HRTB similar fermenta-
tion results were obtained.
Comparison between different systems for ethanol
production
Comparison between different systems for ethanol
production was done on the basis of bioprocess efficien-
cy parameters such as conversion coefficient (YP/S), effi-
ciency (E) and productivity (Pr). As it can be seen in
Table 1, the obtained ethanol concentration in batch fer-
mentation using the raw sugar beet juice was 59.89 g/L
and productivity 0.608 g/(L·h). The efficiency of the batch
fermentation of raw sugar beet juice was 78.8 %. It is
defined as a ratio between experimental and theoretical
conversion coefficients. For theoretical conversion coeffi-
cient, sucrose conversion coefficient was chosen due to
the fact that sucrose is a prime sugar (>95 % of total
sugar content) in sugar beet juice (17). During fed-batch
process, the highest ethanol concentration (97.99 g/L) was
observed. Therefore, the highest conversion coefficient
(0.502 g/g) and efficiency (93.4 %) were also detected.
However, due to the relatively long time period (234 h)
required to reach this ethanol concentration, producti-
vity was lower than in batch process (0.503 g/(L·h)). Dur-
ing the study of ethanol production from the raw sugar
beet cossettes in HRTB with different inoculum quanti-
ties (9.1–23.1 % V/m raw sugar beet cossettes), total mass
of ethanol in the bioreactor was in the range from 158.87
to 242.90 g with bioprocess productivity in the range from
0.357 to 0.497 g/(L·h) (Table 1). Furthermore, the effici-
ency of ethanol production was in the range from 52.3
to 79.5 %. It is clear from the obtained results that the
highest total mass of ethanol, conversion coefficient and
efficiency were detected in the experiment with inocul-
um of 16.7 % V/m (raw sugar beet cossettes) in HRTB.
Further increase of the inoculum volume had as a conse-
quence an increase of ethanol concentration in the liquid
part of fermentation broth in HRTB. This phenomenon
can be explained by the fact that the increase of free water
content in the broth is related to the more effective dif-
fusion of sugar and ethanol from the cossettes. Under
these conditions, further increase of ethanol production
efficiency parameters was not detected and therefore, it
can be concluded that the inoculum of 16.7 % (V/m) is
sufficient for fermentation process. Increase of inoculum
quantity in HRTB is also related to the increase of free
water content in the broth, which consequently has an
impact on the energy demand for ethanol separation by
distillation. Comparison between ethanol production from
raw sugar beet cossettes and juice pointed out slightly
higher bioprocess efficiency during fermentation of raw
sugar beet juice. This result clearly shows that raw sugar
beet cossettes can be successfully used for ethanol pro-
duction, which could simplify it considerably from the
point of view of energy and economy.
Conclusions
On the basis of the obtained results, it is clear that
both intermediates of sugar beet processing can be suc-
cessfully used for ethanol production. Raw sugar beet
juice after the addition of nitrogen and phosphorus sour-
ces is a suitable complex medium for ethanol produc-
tion. The use of appropriate cultivation techniques (fed-
-batch or repeated batch) can significantly increase etha-
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nol yield and consequently improve the performance and
economics of the process. Ethanol yield in these expe-
riments was in the range from 59.89 to 92.78 g/L and
efficiency in the range from 78.8 to 93.4 %. The use of
raw sugar beet cossettes in ethanol production eliminates
the extraction of sugar beet cossettes by hot water, which
considerably reduces energy demand for ethanol produc-
tion. At the same time, this fact also has a considerable
impact on the final price of ethanol as a fuel. Further-
more, it is necessary to point out that further research of
ethanol production from the raw sugar beet cossettes is
required, combined with the improvement of sampling
techniques due to the system heterogeneity in HRTB.
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Table 1. Comparison among different systems for ethanol production from intermediates of sugar beet processing
Production system t/h mDS,T/g mDP,T/g YP/S/(g/g) E/% Pr/(g/(L·h))
RSBJ+STB+BP 98.5 706.50 299.45 0.424 78.8 0.608
RSBJ+STB+FBP 234 1170.00 587.96 0.502 93.4 0.503
RSBC+HRTB
(9.1 % V/m of INM)
93 599.54 231.25 0.386 71.7 0.497
RSBC+HRTB
(13 % V/m of INM)
99 622.00 229.60 0.369 68.6 0.464
RSBC+HRTB
(16.7 % V/m of INM)
102 566.90 242.90 0.428 79.5 0.476
RSBC+HRTB
(20 % V/m of INM)
90 571.20 160.63 0.281 52.3 0.357
RSBC+HRTB
(23.1 % V/m of INM)
68 516.20 158.87 0.308 57.3 0.467
RSBJ – raw sugar beet juice, RSBC – raw sugar beet cossettes, STB – stirred tank bioreactor, BP – batch process, FBP – fed-batch pro-
cess, INM – inoculum
